Abstract In this paper, the double-discharge plasma generated by radio frequency (RF) and direct current (DC) has been investigated. In comparison with their single-frequency counterpart, the interaction between the two excitations is significant and beneficial. The results show that the RF discharge can effectively increase the DC discharge current and decrease the DC voltage; meanwhile the DC discharge is favorable to feed abundant high energy seed electrons to the ICP discharge sustaining at 13.56 MHz for the latter to acquire higher plasma density and lower plasma potential by increasing the ionization rate. The innovative design has been demonstrated to facilitate more homogeneous performance with higher plasma density.
Introduction
Recently, there has been an increasing interest in high density and uniform plasma produced at low working gas pressure for material processing applications, such as the fabrication of microelectronic materials and devices, thin films deposition and etching, plasma assisted synthesis of novel materials and so on [1, 2] . The good uniformity of active species and ions, the high product yield with low damage, and the well-controlled process selectivity and reproducibility are common requirements for these processing applications [3] . Radio frequency (RF) sources of inductively coupled plasmas (ICPs) are shown to meet the above requirements [4, 5] . In such sources, a spiral coil is powered by an RF generator through a matching circuit. The frequency ranging from 500 kHz to 40 MHz [6−8] is applied to drive induced currents and sustain the discharge maintaining the ionization of neutral gas at a required level.
There are two basic structures for ICPs, referred to as the plane-and the column-coupled ICPs. To achieve a high plasma density, high working gas pressure and RF working frequency are usually needed. However, for the plane-coupled ICP, the large voltage difference between the ends of the antenna caused by the multiturn spiral antenna coil and the possible standing wave effect will lead to a radial nonuniformity of the plasma. For the column-coupled ICP on the other hand, the radial nonuniformity of the plasma is shown to become prominent under high gas pressure and high working frequency because of the skin effect. Besides, the skin effect will become more serious with higher RF power input. Thus, for the columnar ICP, the uniformity is difficult to reach in high-density plasmas induced by RF discharges with high power input.
To overcome the difficulty, one commonly used method is to lower the working gas pressures. Nevertheless, for low gas pressure ICPs, it is difficult to obtain a high plasma density. On the other hand, the application of a working frequency lower than the conventionally used 13 .56 MHz has been demonstrated to effectively weaken the skin effect [9] . But, a lower frequency also exhibits a lower discharge efficiency than that of 13.56 MHz [10] due to the weaker induced electric field. Thus a large RF input power is needed to achieve a high plasma density in the RF frequency discharge and cause a high gas temperature, which affects ICP applications to temperature sensitive processing.
To resolve the problem, a DC and ICP hybrid discharge source is proposed in this paper. The effect of interaction between the RF and the DC discharges has been evaluated. The plasma characteristics have been studied, including the electron and ion densities, plasma potential, electron temperature and electron energy probability function of the single discharge mode and the hybrid discharge mode. The corresponding mechanism has been further analyzed. The layout of the paper is as follows. After the introduction, the ex-periment setup is described in section 2. Results and discussions are given in section 3, followed by the conclusion section.
Experimental setup
The experiment apparatus is shown schematically in Fig. 1 . The discharge chamber is made of quartz glass with height of 17 cm and diameter of 16 cm. On the top of the discharge chamber, a metal plate (stainless steel) with a diameter of 8 cm is installed as the cathode, and a stainless steel ring fixed 5.0 cm below the cathode is used as the anode for DC discharge. To prevent the DC discharge sputtered metal from depositing on the inside surface of the quartz glass chamber to weaken the RF power coupling to the discharge plasma, a shield cover consisting of many quartz glass strips is used. Each strip is 10×16 cm 2 , and placed with an angle of 60
• to the center axis. There is an overlap between adjacent strips to prevent the sputtered metal from depositing and ensure that the RF wave can effectively transmit into the discharge chamber. Behind the metal plate electrode there are one central permanent magnetic plate with diameter 20 mm and thickness 8 mm and one outer permanent magnetic ring assembled by many magnet pieces with the dimensions of 6×6×10 mm 3 to form an unbalanced magnetic field distribution. The distance between two magnets is 4.0 cm. The magnetic flux of the outer magnetic ring is larger than that of the inner plate. Three additional ringshaped permanent magnets were installed around the quartz glass chamber to form a closed magnetic field distribution with the outer magnetic ring. Because of this magnetic field configuration, the electrons can be restricted effectively, and the ionization rate or ionization frequency is increased accordingly. With the working frequency of 13.56 MHz, the RF power supply can provide power ranging from 100 W to 5.0 kW. Between the RF power supply and the RF antenna a matching network is used to minimize the reflected power. Three-turn copper tube cylindrical antenna cooled by flowing water is placed alternatively between the additional ring-shaped permanent magnets. DC discharge is operated at the gas pressure of 0.3 Pa and 0.5 Pa under the voltage of 530-390 V (the higher the pressure, the lower the voltage) to maintain the same output power. The equipment system is put in a shield chamber to shield the radiation of RF power. In series with the DC circuit, a trap apparatus consisting of an adjustable capacitor and a parallel inductor is used to prevent the DC power from the disturbance of RF power.
Plasma parameters are measured using a Langmuir probe, the tip of which is made of tungsten wire with length of 10 mm and radius of 0.25 mm. To ensure the measurement accuracy, a trap apparatus consisting of an adjustable capacitor and a parallel inductor was installed in series with the probe electric circuit to prevent the probe power supply from disturbances from the RF signal coming from RF discharge plasma. The probe scanning voltage is supplied by a Smart Probe power supply (Scientific Systems Ltd. Smart Probe, http://www.scisys.com), which is connected to a computer. Smart Probe power supply is controlled by the SmartSoft V5.0 software (Scientific Systems Ltd. Smart Probe), which is allowed to acquire and analyze Langmuir Probe data. The magnetic induction intensity at the measurement position is small (less than 1.0 millitesla) by calculation, so the effect of magnetic field on the measurement accuracy can be ignored. Plasma parameters can be calculated by SmartSoft V5.0 software based on Laframbiose theory [11] . In Laframbiose theory, the collisions of positive ions with neutrals in the probe sheath are not taken into account. The electron density [n e = g e (ε)dε] and the effective electron temperature [T eff = (2/3)n −1 e εg e (ε)dε] are calculated from the electron energy probability function (EEPF), which is obtained through the numerical differentiation method [12] , and the plasma potential is taken from the nearest zero point of the second derivative of the probe current I p (V). Discharge current and voltage are measured by a digital oscilloscope (Tektronix DPO4104).
In the experiment, the chamber is evacuated with a mechanical pump and a turbine molecular pump down to a base pressure of 4.0×10 −3 Pa. Argon with the purity of 99.99% is used as the working gas. Then a mass flow controller is used to change the pressure. It can be seen that, with the increase of RF input power from zero to 600 W, the DC discharge voltage decreases almost linearly from 440 V to 252 V, while the discharge current increases from 0.19 A to 0.38 A. The ICP discharge provides more seed electrons for DC discharge, so the DC discharge becomes intensive. It can also be explained from the view of electric circuit analysis as follows: the ICP discharge decreases the impedance for DC discharge, so the DC discharge is enhanced. Besides, from Fig. 2 it can be found that the DC current is low when the RF power is below 200 W. However, as the RF power increases to 300 W, the DC current increases sharply from 0.23 A to 0.35 A It may be attributed to the space extension of the ICP plasma from ICP discharge region to DC discharge region. From Fig. 1 , we can see that the DC discharge region is located in the upper part of the chamber and RF is in the lower part. When the RF input power is low, the plasma excited by the RF mainly locates in the middle and lower part. Then, with the increase of the RF power, the RF plasma will expand upstream to the DC discharge region and bridge with the DC plasma, which will decrease the DC discharge impedance greatly and lead to a rapid rise of the DC current. Fig. 3 shows the discharge light emission. In the case of single DC discharge, the plasma distribution is nonuniform in the radial and axial directions, especially nonuniform axially due to the effect of magnetic field. When the ICP discharge is turned on, the discharge becomes brighter, and the radial uniformity of the discharge plasma has been improved significantly. and ion density, and plasma potential of ICP+DC double discharge Fig. 4 shows the electron temperature versus the RF power for different DC discharge powers at Ar gas pressure of 0.3 Pa. In this experiment, Langmuir probe measurement is performed at the radial center and about 7 cm away from the DC cathode. It can be seen that the electron temperature increases almost linearly with the RF power. However, with the increase of DC discharge power, the electron temperature decreases quickly at first, and then the falling rate reduces. It is probably because the DC discharge can sputter metal atoms from the metal plate cathode due to Ar ion bombardment, and the metal atoms flux will pour into ICP discharge space to cool down the electron temperature [13] , therefore, the electron temperature decreases with the DC discharge power. Besides, when electron density increases, electron temperature naturally decreases as suggested by the particle loss equation. Fig. 6 show the electron and ion densities versus the ICP discharge input power for different DC discharge powers at Ar gas pressure of 0.3 Pa, respectively. It can be seen that, with the DC power of 100 W, electron and ion densities increase by about a factor of three compared with that without DC discharge. However, with further increase of DC power, the plasma density growth rate slows down. This can be explained by the fact that, with the increase of the DC power, the plasma density increases. But the electron temperature decreases quickly since the DC discharge sputters metal atoms, as shown in Fig. 4 , leading to the reduction of ionization rate. Furthermore, the electron density is shown to increase with the DC power, and the reason can be explained as follows: the ion bombardment on the DC cathode will emit second electrons. The second electrons could be accelerated to high energy in DC electric field (just as shown in Fig. 8 ) and then pour into RF bulk plasma to collide with neutral particles and ionize them, which leads to the increase of electron density. Moreover, it can be found that the ion density is higher than the electron density in the measure-ment no matter whether the DC is added or not. This phenomenon was found in other works too [14, 15] and cannot be explained rationally at present. It is most likely due to collisions of positive ions with neutrals in the probe sheath that are not taken into account in the Laframboise theory. The variation of plasma potential with RF and DC power is shown in Fig. 7 . It can be found that the plasma potential is positive and changes a little with the ICP power when DC discharge is off. However, with the increase of DC power, the plasma potential becomes negative. This may be caused by the fact that, with increasing DC power, more ions are attracted to the DC discharge cathode and electrons pour into the bulk plasma, then the plasma potential decreases accordingly.
The variation of EEPF with sputtering power
Figs. 8, 9 and 10 demonstrate EEPF versus DC power at different axial positions. The measurement is operated at Ar gas pressure of 0.5 Pa with applied DC power of 0 W, 100 W, 150 W and a fixed RF power of 100 W. Fig. 8 shows the results measured at the position of 3 cm under the DC cathode. It can be seen that with increasing DC power, the EEPF presents doublepeak structure. The high-energy tail should be caused by the electrons' emission from DC discharge. Fig. 9 shows the results at the position of 7 cm under the DC cathode. The high-energy tail disappears and the amount of electrons in the energy range from 0 eV to 10 eV decreases greatly. For the distance of 7 cm away from the DC cathode, the effect of the DC electric field fades away, so the electrons cannot obtain energy from the DC field. The high-energy electrons coming from DC discharge region exhibit an characteristic of high ionization and excitation rate when they impact with sputtered metal atoms and Ar atoms, so they tend to quickly lose their energy when they go away from the DC discharge region.
Compared with Figs. 8 and 9 , Fig. 10 shows the results at the position of 15 cm under the DC cathode. It can found that the amount of electrons in the energy range of 5-10 eV decreases greatly. As is well known, the first ionization energy of T i (stainless steel) is about 7.0 eV and that of the upper level energy for excitation state is about 4 eV, so it is very natural that these electrons have been depleted due to the DC discharge sputtered metal atoms at the position far away from the DC discharge region.
Conclusions
In this paper, we present an innovative doubledischarge plasma generated by RF and DC power supplies. This design has been shown to enhance the intensity and uniformity simultaneously, and to optimize the performance of the plasma significantly with the application of hybrid discharge. It has been found that, in the interaction between ICP and DC discharge, the ICP discharge can effectively influence the DC discharge. At a constant DC power, with an increase of the ICP input power, the DC discharge current rises and voltage decreases. When the DC discharge is turned on, the ICP plasma parameters, such as the plasma density, plasma potential and electron temperature, change significantly. The DC discharge can effectively increase the plasma density but greatly decrease the plasma potential and electron temperature of ICP discharge, which means that the DC discharge is beneficial to produce an ICP plasma with high density and low plasma potential and electron temperature. 
